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Depression occurs frequently with sleep disturbance such as insomnia. Sleep in 
depression is associated with disinhibition of the rapid eye movement (REM) sleep. 
Despite the coincidence of the depression and sleep disturbance, neural substrate for 
depressive behaviors and sleep regulation remains unknown. Habenula is an epithalamic 
structure regulating the activities of monoaminergic neurons in the brain stem. Since 
the imaging studies showed blood flow increase in the habenula of depressive patients, 
hyperactivation of the habenula has been implicated in the pathophysiology of the 
depression. Recent electrophysiological studies reported a novel role of the habenular 
structure in regulation of REM sleep. In this article, we propose possible cellular 
mechanisms which could elicit the hyperactivation of the habenular neurons and a 
hypothesis that dysfunction in the habenular circuit causes the behavioral and sleep 
disturbance in depression. Analysis of the animals with hyperactivated habenula would 
open the door to understand roles of the habenula in the heterogeneous symptoms such 
as reduced motor behavior and altered REM sleep in depression. 
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INTRODUCTION 

Depression is a pervasive disorder with a combination of symp- 
toms such as reduced motivation, lack of pleasure and insom- 
nia. The heterogeneity of these symptoms makes it difficult to 
elucidate the molecular mechanism for the pathophysiology in 
depression. 

Lateral habenula (LHb) is an evolutionarily conserved struc- 
ture (Aizawa et al., 2011) and has long been known as a nucleus 
which negatively regulates the monoaminergic systems in the 
central nervous system, since stimulation of LHb inhibits the 
firing activity of serotonergic (Wang and Aghajanian, 1977) 
and dopaminergic neurons (Christoph et al., 1986; Matsumoto 
and Hikosaka, 2007) in the brain stem. Strategic position 
of LHb in regulation of the monoamines, such as serotonin 
and dopamine, prompted researchers to hypothesize a role of 
LHb in psychiatric disorders such as depression (Hikosaka, 
2010). 

More recently, increasing numbers of animal and human 
imaging studies unraveled the evidence for the altered activity of 
LHb is associated with depressive symptoms such as behavioral 
despair (Yang et al., 2008; Li et al., 2011), lack of pleasure (Li et al, 
2013) and sleep disturbance (Aizawa et al., 2013). 

In this review, we discuss possible mechanisms by which the 
lateral habenular neurons result in pathological activation and 
propose a hypothesis that hyperactivated habenula could lead to 
the heterogeneous symptoms observed in depression. 



CHANGES IN THE HABENULAR ACTIVITY IN DEPRESSION 

Stress is one of the prominent factors predisposing the depres- 
sive symptoms and has been used to induce the animal model 
for depression. Acute and chronic inescapable stress induce 
the reduced motor activity in a given situation and elicits the 
depression-like behaviors such as immobility under tail sus- 
pension, reduced motivation to escape from aversive condition 
(Maier, 1984; Henn and Vollmayr, 2005). 

In the animal models for depression, the changes in brain 
activity associated with depressive behaviors were investigated 
by 2-deoxyglucose utility (Caldecott-Hazard et al, 1988) or 
cytochrome oxidase activity (Shumake et al., 2003). These studies 
consistently found that LHb showed higher metabolic rate in 
depressed animals than control suggesting a role of hyperacti- 
vation of LHb in depression. Analysis of helpless rat provided 
further insight into understanding the cellular basis of hyper- 
activation of LHb. More recently, Li et al. (2011) found that 
excitatory synapse in LHb of the helpless rat was potentiated 
with an enhanced presynaptic release probability. These results 
suggested that increased presynaptic action onto LHb neurons 
contributes to the symptoms observed in the animal model of 
depression. 

On the other hand, it remained unclear until recently how the 
neurons in LHb act when the animals perceived the unpleasant 
condition. A series of electrophysiological studies using behaving 
monkey unraveled LHb neurons acting in an opposite way to 
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the midbrain dopaminergic neurons when the animal experi- 
enced the aversive stimuli or absence of the conditioned stimuli 
predicting reward (Matsumoto and Hikosaka, 2007, 2009). Since 
impairment of dopaminergic transmission results in suppressed 
motor behavior (Wise, 2004), it is proposed that repetitive stress 
as aversive stimuli sensitize LHb neurons to increase the baseline 
activity, which may lead to the continuous reduction of the firing 
activity in the midbrain dopaminergic neurons as well as motor 
behavior (Hikosaka, 2010). 

In accordance with findings in the animal models, human 
imaging studies reported that tryptophan-depletion treatment, 
which usually deteriorates the symptoms in depressive patients, 
increased the cerebral blood flow in the habenular region (Morris 
et al., 1999; Roiser et al., 2009). Structural changes in the habenula 
of patients with depression were also detected (Ranft et al., 
2010; Savitz et al, 2011), supporting the hypothesis that hyper- 
activated habenula underlies the pathophysiology of depression. 
Accordingly, it is proposed that deep brain stimulation (DBS) to 
suppress the neural activity in LHb could be a novel treatment for 
treatment-resistant depression (TRD; Sartorius and Henn, 2007; 
Hauptman et al., 2008). Indeed, first trial for treatment of TRD 
by DBS to LHb induced remission of the depressive symptoms 
(Sartorius et al, 2010). 

Taken together, accumulating evidences from the animal and 
human studies suggested that hyperactivated LHb is associated 
with symptoms in depression. 

CELLULAR MECHANISM FOR THE HYPERACTIVATION OF 
THE HABENULA 

Habenula consists of the medial habenula (MHb) and LHb, each 
of which has distinct neural connectivity and gene expression. 
Specifically, LHb receives inputs from diverse structures such 
as internal segment of globus pallidus/entopeduncular nucleus 
(GPi/EPN), diagonal band (DB) and lateral hypothalamus (LH), 
and projects primarily to the brain stem nuclei (Figures 1A, B; 
Herkenham and Nauta, 1977, 1979). Rat habenula is further 
divided into more than 10 subnuclei expressing specific sets of 
genes (Andres et al., 1999; Aizawa et al., 2012). Despite the 
heterogeneity of neural connectivity and gene expression of the 
habenular subnuclei, majority of the medial and lateral habenular 
neurons use glutamate as neurotransmitter (Geisler et al., 2007; 
Aizawa et al, 2012). 

LHb expresses presynaptic and postsynaptic markers for gluta- 
matergic transmission in mouse. Axonal terminals in LHb express 
presynaptic marker protein vesicular glutamate transporter 2 
(Sakata-Haga et al., 2001; black rectangles in Figure 1C). It is 
reported that glutamatergic synaptic transmission is mediated by 
AMPA-type glutamate receptor expressed in LHb (Petralia and 
Wenthold, 1992; Li et al, 201 1; Shabel et al., 2012; pink rectangles 
in Figure 1C). A subtype of AMPA-type glutamate receptor is 
known to be mobilized with recycling endosomes to the synapse 
upon neural excitation (Malinow and Malenka, 2002). Consider- 
ing a crucial role of synaptic mobilization of GluRl in synaptic 
plasticity (Malinow and Malenka, 2002), it is reasonable to con- 
sider the possibility that neuronal activity in LHb is controlled by 
insertion of GluRl molecule into synapses. This is proved recently 
by identifying /3CaMKII as a regulator of LHb neuron function 



(Li et al., 2013). Congenital helpless rat showed up-regulation 
of jfJCaMKTI in LHb, and knockdown of (SCaMKII mRNA via 
RNA interference ameliorated the depressive symptoms. Since 
up-regulation of ^SCaMKII increases the synaptic expression and 
delivery of glutamate receptor GluRl (Groth et al, 2011), these 
results indicated that /JCaMKII-GluRl pathway determines the 
excitability of LHb neurons. Considering the excitatory response 
of LHb neurons to aversive stimuli, it is suggested that repetitive 
stress may sensitize the synapse in LHb by unknown mechanism 
to induce prolonged activation of LHb, which, in turn, causes 
the up-regulation of ySCaMKII-GluRI pathway at the onset of 
depression (Hikosaka, 2010; Li et al., 2013). 

Glutamate released from the presynaptic axonal terminal plays 
central role in excitability of the synapse. Glutamate trans- 
porters expressed in neurons (EAAC1) and astrocytes (GLT-1 and 
GLAST) clear the glutamate released into the synapse (brown 
rectangles in Figure 1C). Blockade of glutamate transporter activ- 
ity prolongs the response of the excitatory synapse by elongating 
the decay of excitatory postsynaptic current (Tzingounis and 
Wadiche, 2007). Among three transporters, GLT-1 is the quan- 
titatively dominating glutamate transporter, since more than 90% 
of the transport activity in forebrain tissue extracts disappeared 
by immunoprecipitation by antibody against GLT-1 (Haugeto 
et al, 1996). In support of this view, mice lacking GLT-1 showed 
elevation of the glutamate concentration in the synaptic cleft for 
longer periods and died of lethal seizure (Tanaka et al., 1997; 
Mitani and Tanaka, 2003). Thus, it is likely that alteration in the 
glial glutamate transporter activity plays a role in determining 
excitability in the habenula. 

Excitability of neurons is also under the influence of inhibitory 
GABAergic inputs in LHb expressing GABAa (Pirker et al., 2000) 
and GABAg receptors (Margeta-Mitrovic et al., 1999). The affer- 
ents to LHb originate primarily from the GPi/EPN as well as LH 
and DB (Herkenham and Nauta, 1977). LHb consists of medial 
(LHbM, red in Figure 2A) and lateral division (LHbL, blue in 
Figure 2A), each of which receives afferents preferentially from 
DB and GPi/EPN, respectively (Herkenham and Nauta, 1977). 
Although previous reports showed many of the afferents from 
GPi/EPN were GABAergic (Araki et al, 1984), recent studies 
revealed that GPi/EPN projecting to LHb consisted of GABAergic 
and glutamatergic neurons (Shabel et al., 2012). On the other 
hand, electrical stimulation of the incoming fibers produced brief 
hyperpolarizing postsynaptic potential in LHbM neurons (Chang 
and Kim, 2004). Interestingly, this brief hyperpolarization elicited 
a persistent depolarization of habenular neurons and promotes 
long-lasting discharges in majority of the cells in LHbM. These 
facts imply that LHb neurons may increase excitability via pro- 
longed hyperpolarized state due to the brief inhibitory inputs, 
although the net effect of excitatory and inhibitory inputs to the 
synapse determines the excitability of the postsynaptic neurons in 
general. Inhibitory neurons expressing marker gene for GABAer- 
gic neurons were found in LHb, although a role of these neurons 
in modulation of the other excitatory projection neuron in LHb 
remains unclear (Brinschwitz et al, 2010). 

LHb also receives innervation by the dopaminergic (Phillipson 
and Griffith, 1980; Aizawa et al, 2012) and serotonergic fibers 
(Morin and Meyer-Bernstein, 1999; Leger et al, 2001; de Jong 
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FIGURE 1 | Cellular mechanism for the excessive excitability in the 
lateral habenular neurons. (A) Coronal section of the adult mouse 
brain showing the anatomical position of the medial and lateral 
habenulae by Nissl staining. (B) Schematic diagram showing the 
orientation of the MHb and LHb receiving the inputs from GPi/EPN, 
DB and LH and projecting to the brain stem nuclei. LHb neurons 
also receive ascending afferent fibers from the serotonergic raphe 
nuclei. (C) Schematic diagram showing molecules essential in the 
glutamatergic synaptic transmission. Glutamate (red dots) is 
transported into the synaptic vesicle at the axonal terminal of 
presynaptic neurons by vesicular glutamate transporter 2 (black 



rectangles, Vglut2). Serotonin (green dots) acts on the presynaptic 
axonal terminal through serotonin receptors (light green rectangles, 
5-hydroxytryptamine (serotonin) receptor (5HTR)) to inhibit the 
excitatory transmission. Released glutamate binds and activates the 
a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)-type 
glutamate receptor containing GluR1 subunit (pink rectangles) whose 
recruitment to the synapse is regulated by p form of 
calcium/calmodulin-dependent kinase II (/3CaMKII). Glutamate 
transporters (brown rectangles) expressed in astrocytes (GLT-1 and 
GLAST) and neurons (EAAC1) clear the glutamate released to synaptic 
cleft. 
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FIGURE 2 | Regulation of the rapid eye movement (REM) sleep by 
habenular projection. (A) Efferent targets of the LHb in regulation of REM 
sleep. Schematic diagram of a sagittal section of the mouse brain showing 
the afferent and efferent connectivity of LHbM (red) and LHbL (blue). LHbM 
receives inputs preferentially from the DB and send the axons to the 
serotonergic raphe nuclei, dorsal and ventral tegmental nuclei containing 
GABAergic neurons, nucleus incertus producing the neuropeptide relaxin-3 
and dopaminergic ventral tegmental area (VTA) and substantia nigra, pars 
compacta (SNc). On the other hand, LHbL receives inputs preferentially from 
GPi/EPN and LH and sends the axons to the GABAergic rostromedial 
tegmental nucleus (RMTg). (B) Categorization of the sleep stage into awake, 



REM sleep and non-REM sleep according to the electroencephalogram 
(EEG) and electromyogram (EMG). Blue traces in the upper three panels 
show raw activity in EEG (top) and EMG (bottom) during the awake (left), 
non-REM sleep (middle) and REM sleep (right). Lower panels show an 
example of classification of the sleep record based on the spectrogram of 
EEG (top), EMG power (middle) into the three stages (bottom). 
Spectrogram represents a pseudocolor plot of the power of each frequency 
range for each 4 s window. Note that the power in the delta (1-3 Hz) and 
theta (5-8 Hz) band dominates with reduced EMG power during non-REM 
and REM sleep period, respectively. In the awake state, high EMG power is 
evident. 



et al., 2010) originated from the brain stem (Figure IB). In 
addition, LHb neurons express specific subtype of receptors 
for monoamines such as dopamine type 2 receptor (Weiner 
et al., 1991; Aizawa et al., 2012) and serotonin 2c receptors 
(Mengod et al., 1990; Aizawa et al., 2012). A recent study reported 
that serotonin had suppressive effect on excitatory input from 



GPi/EPN to LHb neurons presynaptically (Shabel et al., 2012; 
green dots in Figures IB, C). Consistent with this, functional 
imaging studies using positron emission tomography (Morris 
et al., 1999) and functional magnetic resonance imaging (Roiser 
et al., 2009) showed that reduction of serotonin metabolism by 
tryptophan-depletion in patients with depression, increased the 
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cerebral blood flow in the habenula. Thus, taking the inhibitory 
effect of serotonergic inputs on the LHb excitability into consid- 
eration, antidepressant drugs such as serotonin-selective reuptake 
inhibitors may also act, at least in part, on the presynaptic 
terminal of axons to suppress the hyperactivation of LHb. 

Dopamine also has an excitatory effect on the activity in 
LHb neurons (Kowski et al., 2009), although the direction of 
firing rate changes in LHb neurons varied along time course 
after application of the dopaminergic agonist (Jhou et al., 2013) 
and depends on the subnucleus. In chronic social defeat stress 
model of depression, the animals showed an increase in firing rate 
of the midbrain dopaminergic neurons both in vitro (Krishnan 
et al., 2007) and in vivo (Cao et al., 2010). Chronic activation 
of the dopaminergic inputs to LHb might contribute to the 
hyperactivation of the habenula in depression. 

Although a recent study unravels that recruitment of gluta- 
mate receptor via upregulated /^CaMKII signaling causes hyper- 
activation of LHb neurons associated with depressive symptoms 
(Li et al., 2013), it remained elusive how neurons in LHb start 
being activated to increase /JCaMKII. As we discussed above, 
altered function of the genes expressed either in presynaptic and 
postsynaptic neurons or glial cells could account for the hyperac- 
tivation of LHb neurons. Thus, examining jSCaMKII activity and 
the depressive behaviors in the mutant animals lacking these genes 
would enable us to identify the upstream molecules which act on 
the jSCaMKII-GluRl pathway. 

ROLE OF THE HABENULA IN SLEEP 

Mammalian sleep consists of REM sleep and non-REM sleep. 
It is repeatedly reported that patients with depression show 
shortened latency to the onset of REM sleep, longer duration 
of REM sleep and increased eye movement frequency during 
REM sleep (Seifritz, 2001). Serotonin has been implicated as a 
molecule playing an critical role in transition between non-REM 
sleep and REM sleep (Jouvet, 1969). Antidepressants such as 
imipramine (Vogel et al., 1975) and serotonin-selective reuptake 
inhibitor, fluoxetine (Slater et al, 1978) reduce REM sleep period, 
suggesting close association between depressive symptoms and 
sleep disturbance. These findings suggest that alteration of REM 
sleep could be an endophenotype of depression (Hasler et al., 
2004; Gottesmann and Gottesman, 2007; Modell and Lauer, 2007; 
Steiger and Kimura, 2010). Furthermore, identifying the neural 
substrate for altered REM sleep in depression must be useful not 
only for understanding the pathophysiology of depression but 
also for developing novel diagnostic and therapeutic strategies. In 
rodents, REM sleep period is identified by appearance of 5-8 Hz 
theta rhythm in EEG originated primarily from septohippocam- 
pal activity with muscle atonia (Figure 2B). 

Considering the regulatory role of LHb in serotonergic system, 
it is reasonable to conceive the idea that LHb is involved in 
regulation of sleep. Indeed, previous studies showed lesion of the 
fasciculus retroflexus (FR), which affects the efferent projections 
from MHb and LHb as well as axons originating from the basal 
forebrain and passing through the habenular region, led to the 
fragmentation of the REM sleep bouts (Haun et al., 1992; Valjakka 
et al, 1998). 



However, it remained unclear whether LHb plays a role in 
regulation of REM sleep. We recently addressed this by examining 
the REM sleep based on electrophysiological recording in the rats 
with specific lesion in LHb (Aizawa et al., 2013). Results showed 
that LHb lesion reduced the length of REM sleep period by short- 
ening the single REM sleep bout in the rats, suggesting that firing 
activity of LHb neurons may be indispensable for maintenance 
of REM sleep. In line with this, recent electrophysiological studies 
found that LHb neurons fire synchronously in a frequency of theta 
range with close temporal association with hippocampal theta 
rhythm during REM sleep (Aizawa et al, 2013; Goutagny et al., 
2013). These results indicated that synchronous activity in LHb 
is essential for the maintenance of REM sleep via modulation of 
serotonergic activity. 

For efferent projection, neurons in LHbM (red in Figure 2A) 
preferentially projected to the serotonergic raphe nuclei than 
those in LHbL (blue in Figure 2A). Consistent with this, single 
cell labeling experiments showed that the synchronous firing was 
more frequently observed in LHbM neurons than in LHbL. Fur- 
thermore, the inhibitory effect of LHb on REM sleep depended on 
the intact serotonergic activity in the median raphe (Aizawa et al., 
2013). These results suggested that LHb regulates REM sleep via 
serotonergic neurons in the median raphe. 

It is interesting that many of the tegmental nuclei receiving the 
LHb efferent projection are implicated in REM sleep regulation. 
For example, nucleus incertus in the tegmentum contain neurons 
which produce neuropeptide relaxin-3, whose infusion into the 
rat septum elicits the theta oscillation characteristic to REM sleep 
(Ma et al., 2009; Figure 2A). Dorsal and ventral tegmental nuclei, 
both of which contain a large population of GABAergic neurons, 
are also activated during REM sleep (Bassant and Poindessous- 
Jazat, 2001; Kocsis et al., 2001; Bassant and Poindessous-Jazat, 
2002; Torterolo et al., 2002; Figure 2A). Examining the activity 
changes in these structures in the LHb-lesioned animals will 
clarify their roles in REM sleep. 

Taken together, it is suggested that LHb neurons change their 
firing pattern when the animals are in REM sleep to maintain its 
stability. Considering the inhibitory effect of LHb lesion on REM 
sleep stability, it is likely that hyperactivated LHb up-regulates 
REM sleep. 

PERSPECTIVES 

According to the evidence obtained so far, it is hypothesized 
that hyperactivated LHb causes heterogeneous symptoms such as 
reduced motor behavior and altered REM sleep. This hypothesis 
will be addressed more directly by future study which exam- 
ines whether the animals with hyperactivation of the LHb show 
depressive behaviors and sleep disturbance with up-regulation of 
REM sleep. 

ACKNOWLEDGMENTS 

We thank the members of our laboratories for valuable discus- 
sions related to this work. This research was supported by a Grant- 
in-Aid for Scientific Research (KAKENHI21700370) from the 
Ministry of Education, Culture, Sports, Science and Technology 
(MEXT) and funds from Mitsui Life Social Welfare Foundation, 
Takeda Science Foundation, Naito Foundation, Japan Health 



Frontiers in Human Neuroscience 



www.frontiersin.org 



December 2013 | Volume 7 | Article 826 | 4 



Aizawa et al. 



Sleep regulation by the habenula 



Foundation, and Uehara Memorial Foundation to Hidenori 
Aizawa. Wanpeng Cui is a recipient of scholarship from MEXT. 
A part of this study is the result of "Understanding of molecular 
and environmental bases for brain health" carried out under the 
Strategic Research Program for Brain Sciences by MEXT. 

REFERENCES 

Aizawa, H., Amo, R., and Okamoto, H. (2011). Phylogeny and ontogeny of the 
habenular structure. Front. Neurosci. 5:138. doi: 10.3389/fnins.2011.00138 

Aizawa, H., Kobayashi, M., Tanaka, S., Fukai, T., and Okamoto, H. (2012). Molecu- 
lar characterization of the subnuclei in rat habenula. /. Camp, Neurol 520, 405 1- 
4066. doi: 10.1002/cne.23167 

Aizawa, H., Yanagihara, S., Kobayashi, M., Niisato, K., Takekawa, T., Harukuni, R., 
et al. (2013). The synchronous activity of lateral habenular neurons is essential 
for regulating hippocampal theta oscillation. /. Neurosci. 33, 8909-8921. doi: 10. 
1523/jneurosci.4369-12.2013 

Andres, K. H., Von During, M., and Veh, R. W. (1999). Subnuclear organiza- 
tion of the rat habenular complexes. /. Comp, Neurol 407, 130-150. doi: 10. 
1002/(sici) 1096-9861 ( 19990428)407: 1< 130::aid-cnel0>3.0.co;2-8 

Araki, M., Mcgeer, R, and Mcgeer, E. (1984). Retrograde HRP tracing combined 
with a pharmacohistochemical method for GABA transaminase for the identi- 
fication of presumptive GABAergic projections to the habenula. Brain Res. 304, 
271-277. doi: 10.1016/0006-8993(84)90330-5 

Bassant, M. H., and Poindessous-Jazat, R (2001). Ventral tegmental nucleus of 
gudden: a pontine hippocampal theta generator? Hippocampus 11, 809-813. 
doi: 10.1002/hipo.l096 

Bassant, M. H., and Poindessous-Jazat, F. (2002). Sleep-related increase in activity 
of mesopontine neurons in old rats. Neurobiol. Aging 23, 615-624. doi: 10. 
1016/s0197-4580(01)00339-6 

Brinschwitz, K., Dittgen, A., Madai, V. I., Lommel, R., Geisler, S., and Veh, R. W. 
(2010). Glutamatergic axons from the lateral habenula mainly terminate on 
GABAergic neurons of the ventral midbrain. Neuroscience 168, 463-476. doi: 10. 
1016/j.neuroscience.2010.03.050 

Caldecott- Hazard, S., Mazziotta, J., and Phelps, M. (1988). Cerebral correlates of 
depressed behavior in rats, visualized using 14C-2-deoxyglucose autoradiogra- 
phy./. Neurosci. 8, 1951-1961. 

Cao, J. L., Covington, H. E. 3rd, Friedman, A. K., Wilkinson, M. B., Walsh, 
J. J., Cooper, D. C, et al. (2010). Mesolimbic dopamine neurons in the brain 
reward circuit mediate susceptibility to social defeat and antidepressant action. 
/. Neurosci. 30, 16453-16458. doi: 10.1523/jneurosci.3177-10.2010 

Chang, S. Y., and Kim, U. (2004). Ionic mechanism of long-lasting discharges of 
action potentials triggered by membrane hyperpolarization in the medial lateral 
habenula./. Neurosci. 24, 2172-2181. doi: 10.1523/jneurosci.4891-03.2004 

Christoph, G., Leonzio, R., and Wilcox, K. (1986). Stimulation of the lateral 
habenula inhibits dopamine-containing neurons in the substantia nigra and 
ventral tegmental area of the rat. /. Neurosci. 6, 613-619. 

de Jong, T. R., Measor, K. R., Chauke, M., Harris, B. N., and Saltzman, W. (2010). 
Brief pup exposure induces Fos expression in the lateral habenula and sero- 
tonergic caudal dorsal raphe nucleus of paternally experienced male California 
mice (Peromyscus californicus). Neuroscience 169, 1094-1104. doi: 10.1016/j. 
neuroscience.201 0.06.0 12 

Geisler, S., Derst, C, Veh, R. W., and Zahm, D. S. (2007). Glutamatergic afferents 
of the ventral tegmental area in the rat. /. Neurosci. 27, 5730-5743. doi: 10. 
1523/jneurosci.0012-07.2007 

Gottesmann, C., and Gottesman, I. (2007). The neurobiological characteristics of 
rapid eye movement (REM) sleep are candidate endophenotypes of depression, 
schizophrenia, mental retardation and dementia. Prog. Neurobiol. 81, 237-250. 
doi: 10.101 6/j.pneurobio.2007.0 1 .004 

Goutagny, R., Loureiro, M., Jackson, J., Chaumont, J., Williams, S., Isope, P., 
et al. (2013). Interactions between the lateral habenula and the hippocampus: 
implication for spatial memory processes. Neuropsychopharmacology 38, 2418- 
2426. doi: 10.1038/npp.2013.142 

Groth, R. D., Lindskog, M., Thiagarajan, T. C., Li, L., and Tsien, R. W. (2011). 
Beta Ca2+/CaM-dependent kinase type II triggers upregulation of GluAl to 
coordinate adaptation to synaptic inactivity in hippocampal neurons. Proc. Natl. 
Acad. Sci. USA 108, 828-833. doi: 10.1073/pnas.l018022108 



Hasler, G., Drevets, W. C, Manji, H. K., and Charney, D. S. (2004). Discovering 

endophenotypes for major depression. Neuropsychopharmacology 29, 1765- 

1781. doi: 10.1038/sj.npp.l300506 
Haugeto, O., Ullensvang, K., Levy, L. M., Chaudhry, F. A., Honore, T., Nielsen, M., 

et al. (1996). Brain glutamate transporter proteins form homomultimers. /. Biol. 

Chem. 271, 27715-27722. doi: 10.1074/jbc.271.44.27715 
Haun, E, Eckenrode, T. C, and Murray, M. (1992). Habenula and thalamus cell 

transplants restore normal sleep behaviors disrupted by denervation of the 

interpeduncular nucleus. /. Neurosci. 12, 3282-3290. 
Hauptman, J. S., Desalles, A. A., Espinoza, R., Sedrak, M., and Ishida, W. 

(2008) . Potential surgical targets for deep brain stimulation in treatment- 
resistant depression. Neurosurg. Focus 25:E3. doi: 10.3171/foc/2008/ 
25/7/e3 

Henn, F. A., and Vollmayr, B. (2005). Stress models of depression: forming genet- 
ically vulnerable strains. Neurosci. Biobehav. Rev. 29, 799-804. doi: 10.1016/j. 
neubiorev.2005.03.019 

Herkenham, M., and Nauta, W. J. (1977). Afferent connections of the habenular 
nuclei in the rat. A horseradish peroxidase study, with a note on the fiber-of- 
passage problem. /. Comp. Neurol 173, 123-146. doi: 10.1007/978-1-4684-7920- 
1_16 

Herkenham, M., and Nauta, W. J. (1979). Efferent connections of the habenular 
nuclei in the rat. /. Comp. Neurol. 187, 19-47. doi: 10.1002/cne.901870103 

Hikosaka, O. (2010). The habenula: from stress evasion to value-based decision- 
making. Nat. Rev. Neurosci. 11, 503-513. doi: 10.1038/nrn2866 

Jhou, T. C, Good, C. H„ Rowley, C. S„ Xu, S. P., Wang, H., Burnham, N. W, 
et al. (2013). Cocaine drives aversive conditioning via delayed activation of 
dopamine-responsive habenular and midbrain pathways. /. Neurosci. 33, 7501- 
7512. doi: 10.1523/jneurosci.3634-12.2013 

Jouvet, M. (1969). Biogenic amines and the states of sleep. Science 163, 32—41. 
doi: 10.1126/science.l63.3862.32 

Kocsis, B., Di Prisco, G. V., and Vertes, R. P. (2001). Theta synchronization in the 
limbic system: the role of Gudden's tegmental nuclei. Eur. J. Neurosci. 13, 381- 
388. doi: 10.1 1 1 1/j. 1460-9568. 2001.01392.x 

Kowski, A. B., Veh, R. W, and Weiss, T. (2009). Dopaminergic activation excites rat 
lateral habenular neurons in vivo. Neuroscience 161, 1154-1165. doi: 10.1016/j. 
neuroscience.2009.04.026 

Krishnan, V, Han, M. H., Graham, D. L., Berton, O., Renthal, W, Russo, S. J., 
et al. (2007). Molecular adaptations underlying susceptibility and resistance to 
social defeat in brain reward regions. Cell 131, 391-404. doi: 10.1016/j.cell.2007. 
09.018 

Leger, L., Charnay, Y., Hof, P. R., Bouras, C, and Cespuglio, R. (2001). Anatom- 
ical distribution of serotonin-containing neurons and axons in the central 
nervous system of the cat. /. Comp. Neurol. 433, 157-182. doi: 10.1002/cne. 
1133 

Li, B., Piriz, J., Mirrione, M., Chung, C, Proulx, C. D., Schulz, D., et al. 
(2011). Synaptic potentiation onto habenula neurons in the learned help- 
lessness model of depression. Nature 470, 535-539. doi: 10.1038/nature 
09742 

Li, K., Zhou, T., Liao, L., Yang, Z., Wong, C, Henn, E, et al. (2013). BetaCaMKII in 
lateral habenula mediates core symptoms of depression. Science 341, 1016-1020. 
doi: 10.1126/science.l240729 

Ma, S., Olucha-Bordonau, F. E., Hossain, M. A., Lin, E, Kuei, C, Liu, C, et al. 

(2009) . Modulation of hippocampal theta oscillations and spatial memory by 
relaxin-3 neurons of the nucleus incertus. Learn. Mem. 16, 730-742. doi: 10. 
1101/lm.l438109 

Maier, S. F. (1984). Learned helplessness and animal models of depression. 
Prog. Neuropsychopharmacol Biol. Psychiatry 8, 435-446. doi: 10.1016/S0278- 
5846(84)80032-9 

Malinow, R., and Malenka, R. C. (2002). AMPA receptor trafficking and synaptic 
plasticity. Annu. Rev. Neurosci. 25, 103-126. doi: 10.1146/annurev.neuro.25. 
112701.142758 

Margeta-Mitrovic, M., Mitrovic, I., Riley, R. C., Jan, L. Y, and Basbaum, A. I. 
(1999). Immunohistochemical localization of GABA(B) receptors in the rat 
central nervous system./. Comp. Neurol 405, 299-321. doi: 10.1002/(sici)1096- 
9861{19990315)405:3<299::aid-cne2>3.0.co;2-6 

Matsumoto, M., and Hikosaka, O. (2007). Lateral habenula as a source of neg- 
ative reward signals in dopamine neurons. Nature 447, 1111—1115. doi: 10. 
1038/nature05860 



Frontiers in Human Neuroscience 



www.frontiersin.org 



December 2013 | Volume 7 | Article 826 | 5 



Aizawa et al. 



Sleep regulation by the habenula 



Matsumoto, M., and Hikosaka, O. (2009). Representation of negative motivational 
value in the primate lateral habenula. Nat. Neurosci. 12, 77-84. doi: 10.1038/nn. 

2233 

Mengod, G., Nguyen, H., Le, H., Waeber, C, Liibbert, H., and Palacios, J. M. 

(1990). The distribution and cellular localization of the serotonin 1C receptor 

mRNA in the rodent brain examined by in situ hybridization histochemistry. 

Comparison with receptor binding distribution. Neuroscience 35, 577-591. 

doi: 10.1016/0306-4522(90)90330-7 
Mitani, A., andTanaka, K. (2003). Functional changes of glial glutamate transporter 

GLT-1 during ischemia: an in vivo study in the hippocampal CA1 of normal 

mice and mutant mice lacking GLT-1. /. Neurosci. 23, 7176-7182. 
Modell, S., and Lauer, C. J. (2007). Rapid eye movement (REM) sleep: an endophe- 

notype for depression. Curr. Psychiatry Rep. 9, 480-485. doi: 10.1007/sll920- 

007-0065-z 

Morin, L. P., and Meyer- Bernstein, E. L. (1999). The ascending serotonergic system 
in the hamster: comparison with projections of the dorsal and median raphe 
nuclei. Neuroscience 91, 81-105. doi: 10.1016/s0306-4522(98)00585-5 

Morris, J. S., Smith, K. A., Cowen, P. J., Friston, K. J., and Dolan, R. J. (1999). 
Covariation of activity in habenula and dorsal raphe nuclei following trypto- 
phan depletion. Neuroimage 10, 163-172. doi: 10.1006/nimg.l999.0455 

Petralia, R. S., and Wenthold, R. J. (1992). Light and electron immunocytochemical 
localization of AM PA- selective glutamate receptors in the rat brain. /. Comp. 
Neurol. 318, 329-354. doi: 10.1002/cne.903180309 

Phillipson, O. T., and Griffith, A. C. (1980). The neurones of origin for the 
mesohabenular dopamine pathway. Brain Res. 197, 213-218. doi: 10.1016/0006- 
8993(80)90447-3 

Pirker, S., Schwarzer, C, Wieselthaler, A., Sieghart, W., and Sperk, G. (2000). 
GABA(A) receptors: immunocytochemical distribution of 13 subunits in 
the adult rat brain. Neuroscience 101, 815-850. doi: 10.1016/s0306-4522(00) 
00442-5 

Ranft, K., Dobrowolny, H., Krell, D., Bielau, H., Bogerts, B., and Bernstein, H. G. 

(2010) . Evidence for structural abnormalities of the human habenular complex 
in affective disorders but not in schizophrenia. Psychol. Med. 40, 557-567. 
doi: 10.1017/s0033291709990821 

Roiser, J. P., Levy, J., Fromm, S. J., Nugent, A. C, Talagala, S. L., Hasler, G., et al. 

(2009). The effects of tryptophan depletion on neural responses to emotional 

words in remitted depression. Biol. Psychiatry 66, 441-450. doi: 10.1016/j. 

biopsych.2009.05.002 
Sakata-Haga, FL, Kanemoto, M., Maruyama, D., Hoshi, K., Mogi, K., Narita, M., 

et al. (2001). Differential localization and colocalization of two neuron-types of 

sodium-dependent inorganic phosphate cotransporters in rat forebrain. Brain 

Res. 902, 143-155. doi: 10.1016/s0006-8993(01)02290-9 
Sartorius, A., and Henn, F. A. (2007). Deep brain stimulation of the lateral habenula 

in treatment resistant major depression. Med. Hypotheses 69, 1305-1308. doi: 10. 

1016/j.mehy.2007.03.021 
Sartorius, A., Kiening, K. L., Kirsch, P., Gall, C. C, Haberkorn, U., Unterberg, A. W., 

et al. (2010). Remission of major depression under deep brain stimulation of 

the lateral habenula in a therapy -refractory patient. Biol. Psychiatry 67, e9-ell. 

doi: 10.1016/j.biopsych.2009.08.027 
Savitz, J. B., Nugent, A. C., Bogers, W., Roiser, J. P., Bain, E. E., Neumeister, A., et al. 

(2011) . Habenula volume in bipolar disorder and major depressive disorder: a 
high- resolution magnetic resonance imaging study. Biol. Psychiatry 69, 336-343. 
doi: 10.1016/j.biopsych.2010.09.027 

Seifritz, E. (2001). Contribution of sleep physiology to depressive pathophysiology. 

Neuropsychopharmacology 25, S85-S88. doi: 10.1016/s0893-133x(01)00319-0 
Shabel, S. J., Proulx, C. D, Trias, A., Murphy, R. T., and Malinow, R. (2012). 

Input to the lateral habenula from the basal ganglia is excitatory, aversive 



and suppressed by serotonin. Neuron 74, 475-481. doi: 10.1016/j. neuron. 2012. 
02.037 

Shumake, J., Edwards, E., and Gonzalez-Lima, F. (2003). Opposite metabolic 
changes in the habenula and ventral tegmental area of a genetic model of helpless 
behavior. Brain Res. 963, 274-281. doi: 10.1016/s0006-8993(02)04048-9 

Slater, I. FL, Jones, G. T., and Moore, R. A. (1978). Inhibition of REM sleep by 
fluoxetine, a specific inhibitor of serotonin uptake. Neuropharmacology 17, 383- 
389. doi: 10.1016/0028-3908(78)90010-2 

Steiger, A., and Kimura, M. (2010). Wake and sleep EEG provide biomarkers in 
depression./. Psychiatr. Res. 44, 242-252. doi: 10.1016/j.jpsychires.2009.08.013 

Tanaka, K., Watase, K., Manabe, T, Yamada, K., Watanabe, M., Takahashi, K., et al. 
(1997). Epilepsy and exacerbation of brain injury in mice lacking the glutamate 
transporter GLT-1. Science 276, 1699-1702. doi: 10.1126/science.276.5319.1699 

Torterolo, P., Sampogna, S., Morales, F. R., and Chase, M. H. (2002). Gudden's 
dorsal tegmental nucleus is activated in carbachol-induced active (REM) sleep 
and active wakefulness. Brain Res. 944, 184-189. doi: 10.1016/s0006-8993(02) 
02561-1 

Tzingounis, A. V., and Wadiche, J. I. (2007). Glutamate transporters: confining 
runaway excitation by shaping synaptic transmission. Nat. Rev. Neurosci. 8, 935- 
947. doi: 10.1038/nrn2274 

Valjakka, A., Vartiainen, J., Tuomisto, L., Tuomisto, J. T, Olkkonen, FL, and 
Airaksinen, M. M. (1998). The fasciculus retroflexus controls the integrity of 
REM sleep by supporting the generation of hippocampal theta rhythm and 
rapid eye movements in rats. Brain Res. Bull. 47, 171-184. doi: 10.1016/s0361- 
9230(98)00006-9 

Vogel, G. W., Thurmond, A., Gibbons, P., Sloan, K., and Walker, M. (1975). REM 

sleep reduction effects on depression syndromes. Arch. Gen. Psychiatry 32, 765- 

777. doi: 10.1001/archpsyc.l975.01760240093007 
Wang, R., and Aghajanian, G. (1977). Physiological evidence for habenula as 

major link between forebrain and midbrain raphe. Science 197, 89-91. doi: 10. 

1126/science.l94312 

Weiner, D. M., Levey, A. I., Sunahara, R. K., Niznik, H. B., O'dowd, B. E, Seeman, 
P., et al. (1991). Dl and D2 dopamine receptor mRNA in rat brain. Proc. Natl. 
Acad. Sci. USA 88, 1859-1863. doi: 10.1073/pnas.88.5.1859 

Wise, R. A. (2004). Dopamine, learning and motivation. Nat. Rev. Neurosci. 5, 483- 
494. doi: 10.1038/nrnl406 

Yang, L. M., Hu, B., Xia, Y. FL, Zhang, B. L., and Zhao, H. (2008). Lateral habenula 
lesions improve the behavioral response in depressed rats via increasing the 
serotonin level in dorsal raphe nucleus. Behav. Brain Res. 188, 84-90. doi: 10. 
1016/j.bbr.2007. 10.022 

Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Received: 01 October 2013; accepted: 16 November 2013; published online: 10 
December 2013. 

Citation: Aizawa H, Cui W, Tanaka K and Okamoto H (2013) Hyperactivation of the 
habenula as a link between depression and sleep disturbance. Front. Hum. Neurosci. 
7:826. doi: 10.3389/fnhum.2013.00826 

This article was submitted to the journal Frontiers in Human Neuroscience. 
Copyright © 2013 Aizawa, Cui, Tanaka and Okamoto. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution 
or reproduction is permitted which does not comply with these terms. 



Frontiers in Human Neuroscience 



www.frontiersin.org 



December 2013 | Volume 7 | Article 826 | 6 



